Introduction
At bombarding energies exceeding the interaction barrier by 5
MeV/nucleon or more, the heavy residues formed in the fusion of an 160 beam and a 40Ca target emerge with an average velocity less than that expected for complete fusion. 1 ) -This velocity shift and corresponding missing momentum are associated with the process of incomplete fusion,2) and are general features of inclusive residue spectra in reactions between light projectiles and heavier targets. 1 ,3) The momentum missing from the residue is undoubtably carried by fast light particles (protons, neutrons, alpha particles) observed in inclusive reactions 4 ,5) at forward angles. ln order to study the various reaction mechanisms that may contribute to incomplete fusion, a more detailed knowledge of the distribution of momentum among the heavy residues and the fast light particles is needed. To this end a coincidence measurem~nt ~as performed'with the detection of residues at 15 0 (fab) and alpha particles over a range bf angles extending from to the inclusive spectrum when a coincidence is required with alphd particles at 115°. A coincidence with alpha particles at the forward angle of 5°, however, causes the peak of the velocity spectrum to shift downward from the value for the inclusive spectrum (Fig. 1c,d ). The downward shift is much larger for a coincidence with alpha particles having an energy of 50 MeV or more, as may be seen by comparing Figs. lc and 1d, and Figs. 2a and 2b . The same effect is present, though less pronounced, when the alpha particles are detected at 30° (see Fig. 3 ). produce (in first order) a residue spectrum with a peak at the velocity V ICF ' and a width characteristic of the post-collision evaporation. A coincidence with an evaporated particle, however, will produce (again in first order), a velocity spectrum of residues containing components of both complete and incomplete fusion and shifted by an amount corresponding to the average momentum of the coincident evaporated particle. This assumes, of course, that the evaporative processes following complete and incomplete fusion are not too different.
It is thus clear that we must be able to account quantitatively for the shifts in the peaks of the velocity spectra in Fig. 1a expected on the basis of statistical evaporation in order to draw conclusions about incomplete fusion. A simple Monte Carlo evaporation model was constructed in order to estimate these effects. For this purpose it was assumed that the energies of the emitted particles could be approximated for each step of the evaporation cascade by the formulae: (E CM -
where EeM indicates the energy of light particle in the center of mass of the evaporating system, ECoul denotes the height of the Coulomb barrier in the case of charged ejectiles, and T is the temperature. The energies of the recoil nucleus and the light particle were calculated for each step in the evaporatlon cascade and subsequently transformed to the laboratory system. The ratio of protons to neutrons to alpha particles was taken to be 1:1:1, since in our case we are dealing with a highly excited N = Z system. The result is unchanged if instead this ratio was chosen to be 1:4:1. The temperature, excitation energy and velocity of the initial ensemble of Using the above procedure, the ratios of the peak velocities for coincidence and inclusive residue spectra (d 2 a/dVdn, as in Fig. 1 with evaporation. In these cases the agreement is good, and may be understood in terms of a simple momentum balance between the residues and the alpha particles evaporated by the ensemble of highly excited nuclei produced in the collision through both complete and incomplete fusion.
The ratios 0.78, obtained for E > 50 MeV and e = 50 and a a 150~ respectively, obviously cannot be explained by the evaporation of an alpha particle. More remarkably, however, they cannot be explained in terms of a momentum balance between a residue and a single, beam velocity alpha particle. The reason is as follows. The postion of the peak in The most likely and reasonable explanation of the observed large velocity shifts is that a significant number of the fast alpha particles detected at 50 and at 15 0 result from the decay of a 8Be that has been produced by an incomplete fusion reaction. Not only would this explanation account well for the observed ratios in Table 1 , it is anticipated both by earlier studies of incomplete fusion reactions 2 )
and by the predictions of several reaction models. 2 ,6) Two factors give the present experiment additional sensitivity to the observation of 8Be • The first is the production of two fast alpha particles from the decay of 8be , which increases by a factor of two the probability of observing one of the resultant alpha particles. The other reason is associated with the choice of angles for the time of flight spectrometer and the alpha particle telescope. From the energy and angle of the observed fast alpha particle one may calculate the initial -8-direction'of the heavy residu'e in the case of either 12C capture (alpha particle ejectile) or ~Be capture (8Be ejetttle). This angle can then be compared with the ~ngle of the time of flight spectrometer. The difference needs to be made up by recoil from evaporated particles. For an alpha particle detected at 5°, the' angles between the initial direction of the residue and the residue detector are 13.3° and 10.4°
for ~ingle alpha particle emission or 8Be emis~ion, respectively. If the alpha particle is detected at 15 0 , however, these same angles are statistics, however, would be required to establish the existence of a larger velocity shift at 15°.
Summary
The velocity spectra qf fusion-like residues have been measured at 15° in the reaction 313 MeV 160 + 40Ca, both in singles and in coincidence with alpha particles. The shifts in the peak velocity for inclusive and coincidence spectra can in most cases be explained by the momentum balance associated with the evaporation of alpha particles by a sample of heavy residues containing both complete and incomplete fusion components. The velocity shifts associated with fast alpha particles at forward angles, however, are too large to be explained solely by an incomplete fusion process that produces a single beam velocity alpha
• -9-particle. The results can be explained by assuming that the observed alpha particle is predominantly the decay product of 8Be • Various other experiments and reaction models suggest this is a likely explanation. Direct proof of this can be obtained by the detection of the two alpha particles that comprise the 8Be • Table 1 Ratios of the most probable velocity of the fusion-like residues observed in coincidence with alpha particles to those observed in VI' peak position in the inclusive spectrum; V CF ' peak velocity expected for complete fusion. Ea> 50 MeV 6 6 (J = 5°
.s Coine. • ' ,I
E >50 MeV
-15- Reference to a company or product name does not imply approval or recommendation of the product by the University of California or the U.S. Department of Energy to the exclusion of others that may be suitable. TECHNICAL INFORMATION DEPARTMENT  UNIVERSITY OF CALIFORNIA  BERKELEY, CALIFORNIA 94720 
LAWRENCE BERKELEY LABORATORY

